dritic branches and smaller-diameter spine heads. At P30, iron treatment since P7 resulted in recovery of all transcripts and structural components except for a continued proximal shift in peak branching. Nevertheless, at P65-P70, the formerly ID group showed a 32% reduction in 9 mRNA transcripts, including Cfl-1 and Pfn-1 and Pfn-2, accompanied by 25% fewer branches, that were also proximally shifted. These alterations may be due to early-life programming of genes important for structural plasticity during adulthood and may contribute to the abnormal long-term electrophysiology and recognition memory behavior that follows early iron deficiency.
adulthood. These deviations are frequently characterized by significant alterations in neuronal morphology, specifically at the level of the cytoskeleton. Genetic examples of altered morphogenesis include fragile X syndrome, where abnormal dendrite spine morphology plays a role in altered cognitive function and Rett syndrome, where mutations of the methyl-CpG binding protein 2 gene results in abnormal axonal guidance during the formation of neural circuits [1] . Environmental examples include the detrimental effect of early-life stress on rodent synaptogenesis [2, 3] and the enhancing effect of choline supplementation during pregnancy on hippocampus dendrite structure, electrophysiology and learning behavior in the offspring [4] .
Iron availability is critical during late fetal and early postnatal life for the developing hippocampus and the ontogeny of the declarative memory system. Gestational and early postnatal iron deficiency anemia (IDA) in humans results in concurrent [5] and persistent learning and memory deficits in later childhood [6] [7] [8] and adulthood [9, 10] in spite of prompt treatment upon diagnosis. In rats, IDA from gestation through the period of rapid dendritogenesis between postnatal days (P) 15 and P25 impairs hippocampal development and function, including trace fear conditioning, long-term potentiation (LTP) and paired-pulse facilitation (PPF), microtubule associated protein-2 expression, neurometabolism and expression of genes involved in synaptic plasticity, such as postsynaptic density protein 95 and calcium calmodulin-dependent kinase II ␣ [11] [12] [13] [14] [15] [16] . Nonetheless, neuronal dendrite and spine morphology and the potential molecular mechanisms underlying alterations in the dendrite arbor during development, that are key aspects in the development of synaptic efficacy, have not been assessed.
The developing arbor requires external inputs to stimulate and support branching morphogenesis. The arbor relies on extracellular guidance cues and growth factors [e.g. brain-derived neurotrophic factor (BDNF), stromalderived factor 1 ␣ (SDF1) and semaphorins] that signal via their respective transmembrane receptors [e.g. neurotrophic tyrosine kinase, receptor for BDNF (TrkB), chemokine (C-X-C motif) receptor 4 (Cxcr4) and collapsing response mediator protein-1 (Crmp1)]. These signals regulate rho GTPase [e.g. Ras-related C3 botulinum toxin substrate 1 (Rac1) and Ras homolog gene family member A (RhoA)] activity which in turn modulate factors (e.g. cypin, cofilin, profilins) that facilitate elongation and branching by promoting or reducing actin polymerization [17] [18] [19] [20] [21] [22] [23] . The process not only builds the specific architecture during development, but also reshapes the structure during experience-dependent learning throughout the lifespan [21] .
Here, we build on our previous finding of reduced apical dendrite length during IDA [13] by demonstrating that fetal/neonatal IDA alters dendrite branching and spine morphology in rat hippocampus area CA1 during its period of rapid apical dendrite growth between P15 and P30. Moreover, we demonstrate persistent long-term changes in dendrite morphology at P65 in spite of complete iron repletion by P30. We also demonstrate that IDA alters expression of salient genes that regulate cytoskeletal structure in the hippocampus beginning at P7 prior to the period of rapid growth. Although gene expression recovers with iron treatment during development, we report these genes to be ultimately suppressed in adulthood in formerly iron-deficient (FID) animals, suggesting a programming effect consistent with the developmental origins of adult disease hypothesis.
Materials and Methods

Animals and Study Design
All protocols were approved by the Institution Animal Care Utilization Committee at the University of Minnesota. Pregnant Harlan Sprague Dawley rat dams were fed an iron-deficient (ID) diet (3-6 mg/kg iron) from gestational day 2 to P7, the approximate equivalent of term human birth with respect to hippocampal development. Control dams were fed an iron-sufficient (IS) diet (198 mg/kg iron) as were the ID dams beginning at P7. This dietary model induces a 40-50% reduction in brain iron concentration in P15 pups with complete brain iron sufficiency by P56 [13] [14] [15] [16] . Litters were culled to 8 pups and weaned on P21. A total of 128 pups were used in the experiments; 36 each for hematocrit/ iron content, morphometric analysis, and quantitative real-time quantitative polymerase chain reaction (qPCR), and 8 for Western blot analysis. Pups were sacrificed with an overdose of pentobarbital, blood was obtained for hematocrit measurement, whole brains were obtained for Golgi, and hippocampi for qPCR and Western blot analysis were isolated in ice-cold phosphate-buffered saline at pH 7.4, flash frozen and stored at -80 ° C. Samples for morphometric analysis were obtained at P15, P30 and P70. The P15 and P30 time points represent the beginning and end of rapid dendritogenesis in the rat hippocampus [24] , while P70 represents the young adult animal. Golgi analysis was not performed at P7 because arborization in area CA1 is rudimentary at this age [24] . Samples for qPCR were obtained at P7, P15, P30 and P65. Brains for histochemistry were obtained at P65 to assess protein localization.
Hematocrit and Tissue Iron Concentration
Hematocrits were determined as previously described [13, 14] . Tissue iron concentration was measured by atomic absorption spectroscopy as previously described and expressed as micrograms Fe per gram wet weight [14] .
Golgi-Cox Staining
Approximately 18 rats per dietary group were utilized for Golgi-Cox analysis at P15, P30 and P70. The brains were placed directly into Golgi solution (1 g potassium chromate, 1 g mercuric chloride, 0.8 g potassium chloride and 100 ml double-distilled water) where they remained in a foil-wrapped jar for 6 weeks. Thereafter, the solution was exchanged sequentially in 10, 20 and 30% sucrose solutions in light-protected jars to aid in maintaining histological structure. The brains were sectioned at 200 m thickness with a vibratome (OTS3000-03; FHC, Brunswick, Me., USA) and placed onto gelatin-coated glass slides [25] . Slides were processed in an exhaust hood and covered with aluminum foil to prevent light contamination of their development. After rinsing with double-distilled water, slides were incubated in ammonium hydroxide for 30 min. Following a water wash, the slides were incubated for 30 min in a black and white film developer diluted 1: 9 with water (Sprint Systems of Photography, Scituate, R.I., USA) and then rinsed with final double-distilled water. Slides were mounted with glycerol and cover-slipped. Staining was visualized using a Nikon Eclipse E600 light microscope (Nikon Instruments Inc., Melville, N.Y., USA). Neurons were chosen from a proscribed area of CA1 ( fig. 1 a) . Labeled neurons with little or no overlap from neighboring cells and no visibly truncated dendrite branches were selected for analysis. Digital images (Nikon DXM 1200) were taken at 1,000 ! to measure apical dendrite length, third-generation branch width, third-generation branch spine density and spine head diameter. The neurons were traced manually at 200 ! on the live computer image (Nikon Act I version 2.20 © 2000) with a permanent pen on transparent acetate. The entire apical tree was traced by focusing through several planes to follow each branch. Any break in the continuity of a branch was assessed by determining whether the branch appeared to continue after the break with a similar caliber, directionality and plane of focus as the initial segment. Branches that met these criteria were considered to be continuous and were traced. All subsequent quantitative analyses were conducted in an unbiased manner to group designation with repeated measurements.
Morphometric Analysis
Dendritic length and branching were assessed using Scholl analysis [26] . A concentric ring template was constructed with a scale corresponding to the live image, wherein rings were 31 m apart. The transparent neuron tracings were then laid over the ring diagram with the neuron positioned so that the end of the soma and the beginning of the apical shaft lay on the first ring ( fig. 1 b) . The maximal apical dendrite length for each neuron was defined as the furthest distal extent of the dendrite to cross a Scholl ring. This was measured to the nearest half ring. Dendrite width, spine density and spine head diameter were measured in a third-generation branch. The third-generation branch was chosen because it falls within mid-stratum radiatum, a place of highdensity synaptogenesis and spinogenesis [24] . The measurement was made as proximal as possible to the take-off from the secondgeneration branch. For each branch image (a single image or a stack), Image J [27] was used to calibrate the scale, enlarge the segment and measure the dendrite shaft width. The segment width was measured across the most clearly visible section between the spines within the 20 m length.
Apical dendrite branching was assessed by counting the number of crossings at each of the Scholl rings in order to estimate the amount of total dendrite area available for synaptic contact [28] . A dendrite that branched directly on a ring was counted as two branches at that distance. Total crossings at each ring across the entire apical dendrite arbor in each neuron were recorded. The location of peak dendrite branching and the number of branches at that location may affect synaptic efficacy [28] . The distance from the soma to the Scholl ring with the largest number of crossings was termed the peak branching distance . The mean number of crossings at that ring was recorded for each neuron. Since branch crossings could be broadly distributed across an area rather than concentrated at one peak distance, peak branching regions were defined as contiguous Scholl rings that had 4 or more dendrite crossings. The total number of crossings and an area under the curve (AUC) of crossings for the peak branching region were calculated for each neuron.
Spine density and spine head diameter were counted within the same segment of the proximal third-generation apical dendrite branch in which dendrite branch width was assessed. The number of spines per 20 m of dendrite length was recorded for each neuron. Spine heads were measured across the widest part of the protrusion and averaged for each neuron. No assessment of spine head morphology type was made and all spine head types were counted.
For all Golgi analyses, individual neuron values were averaged for a given animal to generate a single mean per animal. Values for each animal within each dietary and age group were then averaged to generate a group mean for statistical comparison at each age by the unpaired t test with Welch's correction for unequal variances. Quantitative Real-Time PCR Hippocampal tissues were collected at P7, P15, P30 and P65 with 6 animals per dietary group at each age. The P7 time point was used to determine whether changes at that time were associated with structural changes at P15. qPCR was carried out as described previously [29] . Briefly, messenger RNA levels of nine proteins relevant to cytoskeletal dynamics were measured by realtime qPCR using Taqman gene expression probes (Applied Biosystems Inc., Foster City, Calif., USA). These selected genes included modulators of neurite extension/growth (Crmp1 and Cxcr4), intracellular signaling rho GTPases [RhoA, Rac1 and cell division control protein 42 (Cdc42)] that translate guidance cues, and downstream effectors of rho GTPase activity that regulate actin and tubulin dynamics [profiling-1 (Pfn-1), profiling-2 (Pfn-2), cofilin-1 (Cfl-1) and cypin] [30, 31] . Reverse transcription was carried out using high-capacity RNA to a cDNA kit (Applied Biosystems) and random hexamers per manufacturer recommendation. Approximately 4 g of total RNA was used to generate each cDNA sample. The resulting cDNA was diluted tenfold to give a final volume of 200 l. All qPCR experiments were performed with half the manufacturer-recommended volume consisting of 4 l of diluted cDNA, 5 l 2 ! Taqman qPCR universal mix, and 0.5 l 20 ! Taqman Gene Expression Assay primers/probes mix (Applied Biosystems). Exon-exon spanning Taqman probes were selected to minimize potential amplification of genomic DNA. Ribosomal protein 18S was used as an internal control. The expression of this housekeeping gene is not altered by iron deficiency [29] . Thermocycling was carried out according to the manufacturer's protocol (Applied Biosystems) using an MX3000P instrument (Statagene, La Jolla, Calif., USA). Two-way ANOVA was used to assess changes in gene expression over time by dietary group with Bonferroni corrected t tests for post-hoc analysis at each age. Significance was set at a p value ! 0.05.
Immunohistochemistry
Immunohistochemistry was used to examine the hippocampal subarea localization of six proteins (Rac1, Cdc42, RhoA, Cxcr4, Cfl-1 and Crmp-1) whose mRNA levels were assessed by qPCR and where antibodies suitable for immunohistochemistry were commercially available (Abcam). Deeply anesthetized rats were perfused transcardially and fixed according as previously described [13] . Briefly, the staining procedure used Tris-buffered saline with 0.1% Tween for all washes, which occurred between all steps prior to blocking. Antigen unmasking was facilitated with 5 m M sodium citrate followed by 15% hydrogen peroxide. Antigen blocking was accomplished using purified goat serum and bovine serum albumin before the overnight incubation with the primary polyclonal antibody at 4 ° C. Staining was detected with an ABC Elite (Vector) antibody kit. Diaminobenzidine with nickel was used as the substrate and was developed for a minimum of 5 min. An average of 4 animals per group was used for analysis. All sets of the same primary antibody were incubated simultaneously. The light microscope and camera were the same as those used for Golgi imaging.
Staining was quantified by measuring the optical density on a gray scale ranging from zero (black) to 254 (white). Adobe Photoshop CS4 Extended (Adobe Systems Inc.) was used to draw a loop around the entire cell body layer of interest (e.g. CA1) and the background staining of nonneuronal tissue to compare the total level of stain for each section. The protein levels in the cell body layers of CA1 hippocampus were assessed by optical density with background subtraction at 100 ! magnification as previously described [12] . Optical-density values were averaged across animals within each group, and expressed in ID as a percentage of IS control.
Results
Iron Status
The ID animals were anemic with lower hematocrits at P15 (IS: ( table 1 ) The maximal length of the apical dendrite from the soma was not different between the groups at any age. Third-generation dendrite width was 44% lower in the ID group at P15 but was similar to IS at P30 or 70. The total branch number across the entire apical dendrite tree was similar between dietary groups at all ages. However, the location of peak branching was more proximal to the soma in the ID group at all three time points ( fig. 2 ). The ID group had a smaller AUC in the peak branching region and less branching at the control (IS) peak distance at P15 ( fig. 2 a) . The FID group had fewer branches at the peak branch distance and a smaller AUC in the peak branching region at P70 ( fig. 2 c) .
CA1 Dendrite Morphometry
Spine head diameters were 43% smaller in the ID group at P15 (IS: 0.96 8 0.03 m vs. ID: 0.55 8 0.04 m, p ! 0.0001) although spine densities were not different between groups at any age. The dendrite branches and spine heads of the ID group at P15 were thinner and more poorly differentiated ( fig. 3 b, d ). Differences in diameters ( table 2 ) Transcript levels were normalized to an endogenous control ribosomal protein 18S and standardized relative to P7 IS for each gene. The relative mRNA levels of the neurite guidance proteins Crmp-1 and Cxcr4 were highest at P7 and declined with postnatal age in both groups ( table 2 ) . At P7, the ID group had lower Crmp-1, Cypin, Cfl-1, Cdc42, Pfn-1 and Pfn-2 accompanied by higher RhoA and Rac1 compared to the IS group. At P15, after 1 week of treatment, the ID group showed normalization of most genes with the exception for cypin, which subsequently completely recovered to IS expression levels by P30. In spite of this recovery, the mRNA levels for Cdc42, RhoA, Rac1, Cfl-1, Pfn-1, and Pfn-2 were again reduced by an average of 32% in the FID group at P70. Immunohistochemical assessment demonstrated lower CA1 expression of Crmp-1 (-48%), Cxcr4 (-42%), RhoA (-21%), Rac1 (-30%), Cfl-1 (21%) and Cdc42 (-38%) in the FID group compared to the always-IS group ( fig. 4 ).
Regulation of Cytoskeletal Structures
Discussion
The developmental ontogeny of the hippocampus and specifically CA1 relies on access to adequate metabolic substrates such as glucose, amino acids, oxygen and iron to support the highly energy dependent process of neurite extension and differentiation. From an iron biology standpoint, rapid dendritogenesis begins at P15 in the rat hippocampus and is preceded from P5 to P15 by high rates of iron import [32, 33] . The shafts and spines of apical dendrites of CA1 pyramidal neurons are highly metabolic areas that demonstrate rapid local iron transmembrane cycling via the iron transporter, transferrin receptor-1 [34] . The specific requirement for iron in these processes was underscored recently in a mouse model with a late-gestation, hippocampus pyramidal cell neuron-specific knockout of the gene for the iron transporter, Slc11a2. This mouse remains ID throughout life and has abnormal neuronal hippocampal CA1 apical dendrite branching patterns characterized by shortened shaft lengths, excessive proximal branches and abnormal learning on the Morris Water Maze in adulthood [35] . The current study demonstrates that iron is critical for normal activity of the signaling cascade regulating cytoskeletal dynamics and subsequent apical dendrite formation in CA1.
We have previously demonstrated that iron deficiency during the period of hippocampal dendritic differentiation in the rat shortens the main apical dendrite length of CA1 pyramidal neurons [13] . That analysis was limited because the staining methodology that was employed could not provide information about the branching characteristics of the more distal arbor and the integrity of spines. In the current study, we utilized the more informative Golgi-Cox staining to confirm the previous finding while documenting additional structural defects in the CA1 apical dendrite arbor including reduced dendrite width, spine head diameter and branching during the period of iron deficiency. Moreover, the branching abnormalities persisted at P65 after complete iron repletion. While this study specifically assessed hippocampal area CA1 because of its role in learning and memory, dietary iron deficiency affects the entire developing brain and thus we speculate that morphologic changes may be present in other areas as well. Morphologic effects in the hippocampus are mediated through the alteration of genes involved in a signaling cascade that regulates actin and tubulin dynamics [17-23, 29, 31 ] . In the current study, we demonstrated that these genes are most highly expressed in the IS hippocampus in early neonatal life just prior to rapid dendrite differentiation, but continue to be expressed at low levels in adult life, presumably to mediate experience-dependent changes in the arbor. Gestational IDA altered their expression during the period of iron deficiency and was accompanied by significant morpho- logic changes. The temporal lag between abnormal gene expression and dendritic structure between P7 and P15 was interesting to note. Apical dendritic structures at P7 are likely too rudimentary for the detection of significant structural abnormalities by the Golgi-staining approach [24] . We speculate that under IS circumstances, developing CA1 pyramidal neurons increase the expression of these genes at P7 in order to support the significant dendritic growth and arborization that occurs between P7 and P15 [24] . The altered gene expression noted at the Distance from the soma (μm) time of peak IDA at P7 is thus likely to be responsible for the dendritic growth impairment subsequently seen at P15 in the IDA pups. The more remarkable and concerning finding was the persistent suppression of these genes in adulthood accompanied by persistent morphologic abnormalities in spite of an initial and complete recovery following early iron therapy. This long-term suppression suggests early-life programming of these genes (or their regulators) and is consistent with the concept of the developmental origins of adult neurologic dysfunction. Va lues are means 8 SEM; n = 4-6. Means in a row without a common letter differ, p < 0.05, a<b<c<d. * Different from IS at given time point at p < 0.05. Collectively, the findings begin to reveal molecular and structural underpinnings for the long-term electrophysiologic and cognitive impairment following early iron deficiency observed in multiple rodent and human studies [6-10, 36, 37] . The development of the hippocampus-based declarative memory system and its maintenance during adulthood relies on the integrity of three interacting signaling cascades. These include proteins involved in LTP which support the cellular basis of memory [38] , the BDNF system which regulates dendrite growth and branching during development and neuronal plasticity across the lifespan [39] , and the cascade regulating actin and microtubule dynamics [17] [18] [19] . The latter bears an important relationship to both the LTP and BDNF signaling cascades. For example, SDF1 binding to Cxcr4 stimulates ERK/CREB/Egr1 activity, which is a critical aspect of LTP [40] [41] [42] [43] . We have previously demonstrated that IDA during gestation dysregulates SDF1/Cxcr4 signaling and delays the ontogeny of LTP in CA1 between P15 and P30 [14] [15] [16] . Similarly, BDNF interacts with Cdc42 to inhibit RhoA, a negative regulator of Cfl-1, thus stimulating dendrite branching and spine stability [21, 22, 31] . Early IDA induces acute and long-term suppression of BDNF, its receptor (TrkB) and its downstream effectors [29, 38] and thus likely contribute to the dysregulation of genes involved in regulating actin and tubulin dynamics.
The short-and long-term gene expression changes in these pathways induced by IDA were generally consistent with the morphologic alterations noted at P15 and P70. Figure 5 summarizes the proposed interactions of the three pathways and illustrates the acute and long-term changes induced by iron deficiency. Ultimately, Cfl-1, Pfn-1 and Pfn-2 are responsible for interacting with actin elements to promote dendrite arbor extension and branching during development and to maintain plasticity during adulthood [17] [18] [19] 23] . IDA suppressed the expression of each at both time points, accompanied by an arbor characterized by fewer and more proximal branches. Similarly, the expression of Crmp1 and Cdc42 was suppressed, suggesting that IDA impaired cell surfacesignaling mechanisms that influence downstream Cfl1, Pfn-1 and Pfn-2 expression. The contrast between the elevation of RhoA and Rac1 levels at P7 and their suppression at P65 was interesting to note. One possible explanation resides in the finding that the activities of rho GTPases may be a function of the GTP/GDP-associated state rather than the overall gene or protein levels. Although such data remain to be characterized in IDA rats, the changes in expression level might reflect the state of functional demands. Thus, it is possible that IDA-in- duced upregulation of RhoA and Rac1 at P7 reflects a compensation for a deficit in GTPases activity due to lower energy (GTP/ATP) availability in IDA rats [15] , while the changes at P65 may reflect reduced activity-dependent gene regulation [11, 14, 36] . The signaling and structural anomalies may account for the impaired electrophysiology (e.g. persistence of an immature LTP pattern and impaired PPF) and poorer learning documented during the period of iron deficiency in young rats [11, 12, 14] . The physiologic consequences likely stem from the reduced branching area as well as the thinner third-generation dendrite branches and the smaller spine head diameters observed in the ID animals at P15. The latter may reduce conduction velocity, resulting in less coordinated input to the soma [44] . The smaller spine head diameters likely represent a smaller postsynaptic density, lower concentrations of AMPA and NMDA receptors and less smooth endoplasmic reticulum for local calcium storage and release [45] [46] [47] .
It is not surprising that the hippocampus functions abnormally while it is ID. It has been less clear why prompt, early and complete iron repletion does not reverse the genomic, biochemical, structural, electrophysiologic and behavioral effects that appear to underlie the long-lasting sequelae of early IDA in the hippocampus [11, 13, 15, 16, 36] . For example, the CA1 field isolated from P65 FID rats shows a 48% lower ratio of presynaptic input to postsynaptic output (p ! 0.05), a 15% delay in synaptic vesicle reloading rate (p ! 0.02), and an 11% lower LTP output (p ! 0.05) compared to never-ID controls [14] . From a behavioral standpoint, FID rats require 35% more trials to achieve criteria on a Win-Shift learning task [36] . In the current study, P65 FID adult rats had, on average, 32% lower levels of factors regulating cytoskeletal dynamics compared to always-IS controls accompanied by a 25% reduction in branching density. The findings were surprising given the apparent recovery of their levels at P30 following iron treatment. The degree of structural abnormalities at P65 suggests that the ID group actually lost ground relative to the IS group since P30. While the more proximal maximal branching point in the FID group may represent the long-term consequence of growth failure from previous growth stages, the persistent suppression of the genes that regulate actin dynamics are consistent with the continuing compromise of hippocampal plasticity we have documented in this model in adulthood [13, 36] .
The long-term abnormalities suggest two not necessarily mutually exclusive mechanisms. The first invokes the concept of critical periods of development [48] . The fetal/neonatal period is characterized by greater neural plasticity in the hippocampus than will be evident later in life. This plasticity allows the developing hippocampus to recover from negative environmental processes, including presumably the absence of iron. However, periods of heightened plasticity are temporally finite [48] . We speculate that the lack of complete iron repletion during the critical developmental period for CA1 pyramidal cell arborization alters its physical developmental trajectory permanently. The structural changes induced by early IDA may result in an adult animal that is generally less responsive to its environment. Lower responsiveness may subsequently lower activity of genes responsible for mediating adult plasticity. The second mechanism involves epigenetic modification of genes involved in experiencedependent plasticity. We have shown that fetal-neonatal IDA downregulates long-term hippocampal BDNF expression in adulthood in spite of complete iron repletion of the structure [38] . BDNF is an epigenetically modifiable gene [49] [50] [51] , whose expression can be regulated environmentally through modification of CpG sites [51] . While it remains unknown whether the genes involved in regulation of cytoskeletal dynamics are similarly modifiable, the fact that BDNF expression modulates the activity of these genes suggests they are at least potentially susceptible to indirect epigenetic influences. Future work will determine whether stimulating growth factors, specifically BDNF, can positively influence dendritogenesis in this model. Such stimulation may increase the ability to promote normal dendritogenesis during early IDA and allow the system to remain more plastic after repletion.
